In Drosophila melanogaster, body pigmentation is a quantitative trait that depends on developmental temperature. When investigated over the whole thermal range of the species, pigmentation exhibits nonlinear reaction norms that differ among segments. The isofemale line method was used to analyse the genetic variability in two natural populations that affected the shape of reaction norms. Each line was considered as an experimental repeat, and polynomial reaction norms fitted to calculate the characteristic values (eg the coordinates of a maximum). In total, 20 lines from two geographically distant populations (France and India) were investigated at seven developmental temperatures (12-311C) in two successive generations (G2 and G3). We analysed the genetic repeatability (ie the correlation between generations) of three kinds of parameters: intraclass correlation coefficients (isofemale heritability), family means at different temperatures and the characteristic values of the reaction norms. For intraclass correlation, a low genetic repeatability was found. For family mean values grown at various temperatures, an overall positive and highly significant repeatability was found (r ¼ 0.5570.024). Finally, a positive significant G2-G3 correlation was also the rule for the characteristic values of the reaction norms. Significant differences could be found between values describing either the trait or its plasticity, but with no general trend. A slightly higher repeatability was observed in the Indian population. These results show that, with a family selection design, the shape of the reaction norms might be modified in various ways.
Introduction
Phenotypic plasticity, the capacity of a single genotype to produce different phenotypes in different environments, receives increasing attention among evolutionary biologists (Via, 1992 (Via, , 1993 (Via, , 1994 Scheiner, 1993a, b; Pigliucci, 1993, 1998; Van Tienderen and Koelewijn, 1994; Gotthard and Nylin, 1995; Via et al, 1995; Pigliucci, 1998 Pigliucci, , 2001 De Jong and Gavrilets, 2000; De Witt and Scheiner, 2003) . Plasticity may be considered as a specific trait, and the evolution of plasticity is now a hotly debated subject among evolutionary biologists (Via et al, 1995; Callahan et al, 1997; Agrawal, 2001; van Dooren, 2001; Scheiner, 2002; David et al, 2003) .
Previous investigations on size-related traits (Scheiner and Lyman, 1989) showed that plasticity was a specific property, independent of trait value, and could be increased or decreased by directional selection. These experiments used only two environments (two developmental temperatures) so that linear reaction norms were considered. However, when analysed over a broad thermal range, reaction norms of a range of quantitative traits, including size traits Morin et al, 1996) , ovariole number (Delpuech et al, 1995) , bristle number (Moreteau et al, 2002) and body pigmentation (David et al, 1990; Gibert et al, 1996 Gibert et al, , 2000 are never linear. A general method for analysing and describing the shape of a reaction norm is a polynomial relationship and both quadratic or cubic forms can be used Gibert et al, 1998a) . Quadratic norms exhibit a maximum or minimum within the thermal range, while cubic norms generally exhibit a monotonically decreasing or increasing sigmoid shape.
Polynomial coefficients can be used to calculate, for a given kind of norm, characteristic values, which generally have a clear biological meaning. For example, a quadratic concave norm, which is mathematically defined by three polynomial coefficients, will be biologically described by three characteristic values, that is, the coordinates of its maximum and a curvature parameter. Interestingly, one value characterises the trait (maximum value) while the two others (curvature and temperature of maximum value) define its plasticity.
A characterisation of the phenotypic plasticity found in a natural population requires repeated measurement, and the method of isofemale lines (fullsib families) is a convenient and widespread design (Hoffmann and Parsons, 1988; Falconer, 1989 ). Significant differences between family means are generally considered to have a genetical basis, and intraclass correlation provides an estimate of the genetic variability (Capy et al, 1994) . By extension, variations of characteristic values are assumed also to have a genetic basis Morin et al, 1996) .
Confidence in the existence of a genetic effect can, however, be gained only if a line keeps its phenotypic properties over successive generations (Krebs and Loeschke, 1995) . This methodology was previously applied to wing length and female abdomen pigmentation in 37 lines over nine laboratory generations, grown at 251C. Results revealed a good correlation (called genetic repeatability) among family means, even between distant generations (Gibert et al, 1998b) .
This procedure has been applied here in a similar way to the analysis of reaction norm shape of body pigmentation in female. This trait was chosen because it can be easily scored on a large number of flies. Different segments (thorax and abdomen) are known to exhibit quite different reaction norms (Gibert et al, 2000) and it was interesting to see if similar conclusions would be obtained for quadratic or cubic norms. Since D. melanogaster is known to exhibit a large amount of adaptive geographic differentiation (David and Capy, 1988; Munjal et al, 1997) , we investigated two samples of 20 lines from two distant localities over two successive laboratory generations. We find that the characteristic values of the reaction norms are genetically repeatable and that there is no systematic difference between trait and plasticity characters. It should thus be possible to use these characteristic values for family directional selection and manipulate the shape of the reaction norm in different ways.
Material and methods
Populations and experimental procedure Wild D. melanogaster females were collected with banana traps in Rohtak (India, about 70 km West of Delhi) and in Bordeaux (Southern France) and isolated in culture vials. These two localities were chosen for their contrasting climates. Bordeaux is characterised by a mild summer and a cold winter (see Gibert et al, 1996) . Rohtak, on the other hand, is a subtropical place with a mild winter but a very hot summer (see Gibert et al, 1998c) . We used these females to establish 20 isofemale lines for both populations. Lines were grown in culture vials at about 201C under LD 16:8 h. After adult emergence, 10 pairs of the first laboratory generation were used as parents for each line. They oviposited at room temperature (about 20-221C) for half a day in vials containing a killed yeast medium, which reduces crowding effects (see Karan et al, 1999) . Vials with eggs were then transferred at one of seven constant experimental temperatures (12, 14, 17, 21, 25, 28 and 311C) . On emergence, adults (second laboratory generation, G2) were transferred to fresh food and examined a few days later. From each line at each temperature, 10 females were randomly taken and measured.
We repeated the measurements on the next generation in order to analyse the genetic repeatability of phenotypic plasticity (see Gibert et al, 1998b) . From the G2 flies grown at 211C, we randomly took 10 pairs as parents for the G3 and used the same experimental procedure, transferring culture vials at seven temperatures.
Pigmentation scores
We analysed pigmentation on the mesonotum (thoracic trident) and on all abdominal segments (segments 2-7) in females. Pigmentation was estimated using phenotypic classes ranging from 0 (completely yellow) to 10 (completely dark) for abdominal segment, and from 0 (no visible trident) to 3 (dark trident) for thoracic trident (see David et al, 1985 David et al, , 1990 for details). For comparing thorax and abdominal pigmentation, we standardised their possible range of variation. The trident pigmentation score was thus multiplied by 3.33, so that its variability ranged also between 0 and 10.
Data analysis
Reaction norm shape was analysed by fitting a polynomial relationship Gibert et al, 1998a) . Depending on the shape, either a quadratic or cubic polynomial was used and coefficients were calculated with SAS software (SAS, 1985) . The polynomial coefficients were then used to calculate characteristic values of the norms providing information either on traits (pigmentation) or on plasticity (see David et al, 1997; Gibert et al, 2000) . All other statistics were calculated with Statistica software (Statistica, 1999) . A general analysis was carried out by a four-way ANOVA with population, generation and temperature considered as fixed effects and lines as random effect nested within population.
Results
Average reaction norms Average reaction norms of six abdomen segments (2-7) are shown in Figure 1 . The figure illustrates the fact that different segments exhibit different reaction norms that differ in their average value, their shape and the magnitude of variation (Gibert et al, 2000) . More precisely, segments 2, 3, 4 and 5 exhibit quadratic, convex norms, while segments 6 and 7 follow decreasing sigmoid curves. With respect to growth temperature, segment 2 is the least variable, segment 7 the most variable. Reaction norms of the thoracic trident (not shown) also exhibit a convex shape with a broader amplitude.
These curves were analysed by ANOVA (not shown). For the sake of simplicity, we present only the percentages of variation explained for each effect (Table 1) . A main conclusion is that the generation effect was not significant for any segment. In each case there were significant differences among lines, which evidence a genetic variability within population. The population effects were all significant and explained, on average, 3.8% of the variation. This corresponds to a lighter pigmentation in the Indian population (see Gibert et al, 1998c) . Finally, the largest effect was due to temperature (on average 61%). Interestingly, phenotypic plasticity due to temperature was variable across segments and increased toward the posterior end of the abdomen (see also Gibert et al, 2000) .
Genetic variability in the two successive generations
The amount of genetic divergence between lines was estimated for each segment, temperature, population and generation by the coefficient of intraclass correlation t (Hoffmann and Parsons, 1988) . Overall, 196 coefficients were calculated: mean values are given in Table 2 and results of an ANOVA are presented in Table 3 . Significant differences were found for two main effects and four double interactions.
The major effect was due to differences between segments (19.2% of total variation). The genetic variability was less for the four anterior segments (thorax and Abd. 2, 3, 4) being on average 0.2470.02, and higher for Abd 5, 6, 7 (on average 0.3270.02).
We also found significant differences between generations (P ¼ 0.0013): intraclass correlations were higher in G3 than in G2 (0.29470.021 vs 0.25670.015). No significant differences were found however between Genetic repeatability of reaction norms P Gibert et al populations (P ¼ 0.16) or temperatures (P ¼ 0.43). The absence of a direct temperature effect justifies the calculation of mean values averaged over temperatures in Table 2 . Most double interactions (four out of six) were, however, significant and the major effects concern population-temperature and generation-temperature interactions. These results suggest a complex genetic architecture of body pigmentation in D. melanogaster.
We also analysed the genetic repeatability of intraclass correlations (t): Pearson's correlation coefficients between G2 and G3 values were calculated across temperatures for each trait and population. Results (Table 2) proved to be extremely variable with a few significant values but, surprisingly, both positive (Abd 7, India, r ¼ 0.89) and negative (eg Abd 4, India, r ¼ À0.90). This suggests that variation of intraclass correlations, when analysed in this way, are not repeatable. This might be related to the fact that variation due to the direct effect of temperature is not significant (Table 3) , while temperature is significantly involved in three interactions.
Genetic repeatability of family mean pigmentation
The method for analyzing the genetic repeatability is to calculate the correlation between the mean values of the lines across successive generations (Gibert et al, 1998b) . These correlations were calculated for each segment, temperature and population (Table 4) , and a first general conclusion is that 71% of the correlations between the two successive generations were significantly positive (68 out of 96 coefficients). Moreover, only nine coefficients among 96 had a very low value, less than 0.1.
We analysed the variability of correlations by ANOVA (not shown) after a z transformation with three main fixed effects (population, temperature, segments). Owing to the absence of variance (pigmentation totally light with a score of zero), it was impossible to calculate a correlation in both populations for the abdominal segment 7 at 311C. Consequently, to get a balanced design, we removed all 311C values from the ANOVA.
No significant differences were found between populations (P ¼ 0.73) or temperature (P ¼ 0.39) and no interaction was significant. The only significant difference was due to segments (P ¼ 0.0075). Abd 5 and Abd 6 showed a higher genetic repeatability (40.6). For thorax and Abd2 to Abd 4, the values were intermediate Abd 2 to 7: abdominal pigmentation for tergites 2 to 7; thorax: thoracic pigmentation. Genetic repeatability is calculated as the correlation between values of G2 and G3. Each coefficient is based on seven observations. The significance threshold is 0.75 for P ¼ 0.05. Genetic repeatability of reaction norms P Gibert et al (ranging from 0.489 to 0.596). Abd 7 exhibited a low repeatability (0.392 on average) and large variations across temperatures (see Table 4 ).
The general conclusion is that mean pigmentation scores of the same lines in two successive generations are positively correlated (overall mean r ¼ 0.5570.024, n ¼ 96), or in other words, there is a highly significant genetic repeatability. Interestingly, the repeatability appears to be quite independent of the mean pigmentation score. We illustrate this genetic repeatability by two graphs (Figure 2 ) both corresponding to values obtained at 121C. For segment 2 (low pigmentation) the high positive correlation in French lines contrasts with a complete absence of correlation in Indian lines. For Abd 6, on the other hand, all lines are very dark and exhibit a strong positive correlation between the two successive generations.
Genetic repeatability of reaction norms characteristic values
Reaction norms of pigmentation according to developmental temperature were analysed by calculating the characteristic values of the appropriate polynomial relationship.
For thoracic trident and abdomen segments 2-5, which show U-shaped, convex reaction norms, a quadratic polynomial was used and three characteristic values were estimated for each line. The minimum pigmentation (minP) characterises the trait investigated, in that case the pigmentation of each segment in each isofemale line. Curvature (g 2 ) and temperature of minimum pigmentation (TminP) characterise the reactivity of the trait to developmental temperature and thus describe its plasticity. In two cases out of 400 (line 2 for Abd 4 in Bordeaux G3 and line 1 for Abd 5 in India G3) it was impossible to obtain an appropriate fit and these lines were excluded from the calculations.
For each characteristic value, we calculated the correlation over the two generations and coefficients are given in Table 5 . These coefficients were submitted to a three-way ANOVA (not shown) after a z transformation.
No significant differences were found between segments. Slight but significant differences (P ¼ 0.041) were We used a sequential Bonferroni-type procedure to correct critical P-values (Benjamini and Hochberg, 1995). Correlations for Abd 7 at 311C were not calculated due to a complete absence of dark pigmentation in most lines.
Abd2-Generation 2
Abd2-Generation 3 For abdominal segments 6 and 7, which exhibit a decreasing sigmoid shape, a third degree polynomial was used and many more characteristic values can be calculated , such as the coordinates of the inflection point, the coordinates of a maximum and a minimum and the slope at the inflection point. Three of these values characterise the trait (minimum pigmentation, maximum pigmentation, pigmentation at the inflection point) and four its plasticity (temperatures at the minimum, maximum and inflection point, slope at the inflection point). For Abd 6, it was impossible to adjust the data to this model for three lines (line 8 in Bordeaux G2 and G3, lines 13 and 15 in Bordeaux G2).
Results in Table 6 show that among 28 calculated coefficients, 11 were significantly positive (after a Bonferroni correction), while six were very low (less than 0.1). These data were submitted to ANOVA (not shown) after a z transformation. No significant difference was found between segments or characteristic values. A slight but significant population effect was found (P ¼ 0.02): repeatability was slightly better for the Indian population.
When averaged over populations and segments, correlations for different characteristic values ranged from 0.229 to 0.582. A general trend is that higher (but nonsignificantly so) values were found for plasticity than for traits themselves (0.332 vs 0.473).
Segments 6 and 7 show similar sigmoid norms and moreover mean values are genetically correlated (Gibert et al, 2000) . We added the results of segments 6 and 7 and considered the reaction norm of their sum, with the hope that a more regular conclusion could be obtained, and especially a better genetic repeatability. Results failed to confirm this expectation: correlations for the sum were generally intermediate between those of segments 6 and 7. We illustrate for the sum the genetic repeatability of two parameters (Figure 4) : the maximum pigmentation, with correlations of 0.753 and 0.470 and the slope at 
Discussion
Our data have confirmed previous observations, that for abdomen segments, there is an antero-posterior gradient of phenotypic plasticity correlated with an increasingly darker pigmentation (Gibert et al, 2000) . There is also a significant difference between French and Indian populations, the latter being on average, lighter (Gibert et al, 1998c) . This agrees also with previous data and is in accordance with the thermal budget hypothesis (Gibert et al, 1996) : producing darker phenotypes in a cold environment should provide a functional advantage (favouring the absorption of light radiation) while the reverse is true in a much warmer climate, such as in India. Notice that the French-Indian difference is stronger for thorax pigmentation, a trait for which adaptive latitudinal clines are well documented in many geographical populations (David et al, 1985; Munjal et al, 1997) .
Within each population and generation, calculation of an intraclass correlation (t) demonstrates the occurrence of a genetic variability among lines. A first conclusion is that t is variable among segments, increasing from the thorax toward the end of the abdomen. This phenomenon is difficult to interpret. It may reflect some real differences in genetic variability of successive segments, but it could also arise from an experimental bias. Anterior segments have a lower average pigmentation and measurement errors may be proportionately larger. Such a phenomenon was clearly demonstrated for wing dimensions (Imasheva et al, 2000) . An artificial increase in the phenotypic within line variance could decrease intraclass correlation.
A second interesting observation is the overall significant increase of intraclass correlation in the second experimental generation, which is the third grown in the laboratory. There is no obvious explanation for this difference. A possibility could be that genetic drift has increased the variability among lines, producing a higher intraclass correlation. This interpretation is however unlikely since, in another experiment (Gibert et al, 1998b) where the pigmentation of 37 lines was measured in nine laboratory generations, there was only a very slight increase of the genetic variance over time.
There was no direct effect of growth temperature upon genetic variability. Temperature was however involved in three significant interactions (Table 3) with segment, population and generation, indicating that the genetic architecture of pigmentation may indeed be sensitive to thermal conditions. The relatively low influence of developmental temperature may explain the lack of an overall trend in genetic repeatability found in Table 3 . Relationship between the two successive generations (G2 and G3) for two characteristic values of the sum (Abd 6 þ Abd 7): the maximum pigmentation (maxP) (a) and the slope at the inflection point (Sip) (b). Each point corresponds to an isofemale line. The 85% confidence interval ellipse is also given.
Genetic repeatability of reaction norms
P Gibert et al
Considering the mean pigmentation values in G2 and G3 (Table 4) , we found an overall positive correlation since 68 out of 96 coefficients were significant (overall average r ¼ 0.5570.024). Surprisingly, a few correlation coefficients were very close to zero: however, the distribution of these coefficients did not show any regular pattern (Table 4) . The only significant effect revealed by an appropriate ANOVA was a difference between segments. Genetic repeatability for the three anterior segments was less (on average 0.4970.03) than for thorax and segments 5 and 6 (average 0.6470.03). It might be argued, as for the intraclass correlation, that a lesser mean pigmentation increases the measurement error and decreases the repeatability. But this argument does not hold for abdomen 7 for which the repeatability was the lowest (r ¼ 0.39). Basically, these data confirm a previous investigation in which 37 lines were measured over nine laboratory generations, but only for Abd 5, 6 and 7, and at a single temperature (251C).
Genetic repeatability was also investigated for the shape of reaction norms, and to our knowledge this is the first time that such an investigation has been undertaken. In this case, two kinds of norms and also two kinds of shape descriptors (characteristic values) were considered. For five successive segments (thorax and abdomen 2-5) plasticity could be described by a quadratic norm and three values, one concerning the trait (minP) and two its plasticity (TminP and g 2 ). For minP, we found an overall positive correlation (0.53970.023) with a large variability between segments and populations (Table 5 ). This average repeatability is similar to that found for the mean values of lines (r ¼ 0.5570.024).
For the two plasticity parameters, correlations were still lower. For the TminP, the average correlation (0.18670.046) was very low. Clearly, knowing the temperature at which the lighter pigmentation is observed does not predict the value in the next generation. The situation was slightly better for the g 2 , the curvature coefficient (r ¼ 0.43870.064) although large variations between segments and populations were observed (Table 5) . We thus may conclude that lines clearly differ in their reactivity to temperature, some being more reactive than others.
For the sigmoid reaction norms of segments 6 and 7, we calculated 7 characteristic values (Table 6 ). Among 28 correlation coefficients, only 11 were significantly positive. Three trait values (maxP, minP and Pip) were calculated and the most repeatable was maxP. Altogether the genetic repeatability was low (0.33270.109). The repeatability was better for the four plasticity values, on average (0.47370.088), especially for the Tip and the slope at the inflection point (0.49 and 0.59). This observation is in opposition with what has been observed for quadratic norms.
Genetic repeatability, as demonstrated here by a positive correlation between successive generations, is a convenient demonstration that phenotypic differences among lines do have a genetic component. However, the correlation between generations does not estimate the amount of genetic variablity harboured in the origin population (Gibert et al, 1998b) . It was previously shown (Gibert et al, 1998b) that repeatability between family means was increased by increasing the number of flies measured in each line. From this kind of observation, it might be expected that the characteristic values of the reaction norms, which are estimated from the data of 70 flies, should be more precise, and thus more repeatable, than the family means, which are based on 10 flies only. Our results clearly showed such was not the case: repeatability of reaction norms characteristic values was, on average, slightly less than that of the family mean. It has been shown (Scheiner, 2002) that, for thorax and wing length, plasticity was genetically variable and could be selected for, although its heritability was much less than that of the traits. Moreover, we know that plasticity may be a target of natural selection and changes when tropical and temperate populations are compared (Delpuech et al, 1995; Morin et al, 1999; Moreteau et al, 2002) . The fairly low repeatability of characteristic values of pigmentation reaction norms might be a consequence of an overall low heritability. The occurrence of some genetic variability in the shape of the curves suggests however that significant changes could be produced by directional selection. Also, the genetic variability of the characteristic values might now be investigated by a QTL (quantitative trait loci) procedure.
